A b s t r a c t ---I
The cnergy and a n g u l a r d i s t r i b u t i o n s of X2y;
-!-and X2D l o r n e d when a beam of 3: p a s s a s through a s c s t t e r i n g c e l l c o n t s i n i n g 2 2 , D2, o r 33 have been measured a t r e l a t i v e k i n e t i c e n e r g i e s ranging I r o n 2 . 3 t o 1 1 . 8 eV. From some ex?erlments,.i.ntens::y contour m&?s c h a t show t h e c o n p l e t e product v e l o c i t y v e c t o r d i s t r i b u t i o n i n t h a cen-cer o f r & s s syszem have been g e n e r a t e d . Although backward r a c o i l s c & t t e r i n g occurs a t 611 e n e r g i e s , rflos-k products a r e s c a t t e r z d forward I n t h e c e n t e r o f niass system. The sha2e tmd p o s i t i o n of ths lorwar2 s c a t t e r e d product peak a r e l a r g e l y c o n s i s z e n t w i t h t h e s t r i p p i n g model modified t o account f o r tsrga-c motion. rr,onen-,u:n analysed bearr, of X : was d i r e c t e d throzgh 5.3 i s~t r o g i c s c a t t e~i n p g a s , an6 xhe ecergy an6 e n g u l a r distri'~u;;ons o f pi.oducts an6 i n e l a s t i c a l l y s c a t t e r e Z r e a c t a n t i o n s d e c e r a i n e d .
Besides i t s rxolecular s i r~g l i c i t y , t h e r e a c t i o n o I K; w i t h t h e i s o t o p i c hydrogens has a number o f f e a t u r e s chac rnake i z s t x r a c t i v e f o r r e a c t i v e s c a t t e r i n g s t u d i e s . Moderately
i n t e n s e , s t a b l e , low energy bearm of' X i can be produced without g r e s z d i f f i c u l s y . The t o t a l r e h c t i o n c r o s s s e c t i o c i s l a r g e 2 a t .low r e l a t i v e e n e r g i e s (100 A a t 0 . 1 ev) although it a s m a l l range of l a b o r a t o r y s c a t t e r i n g a n g l e s , and t h e lo:< :class of' t h e ~r o d u c t f a c i l i t a s e s mass a n a l y s i s w i t h an i n s t r u n c~t sf r e l a t i v e l y low r e s s l u t i o n but high t r a n s m i s s i o n .
The f i r s t i n v a s i i g a t i s n s of t h e s e r e a c t i o n s w i t h . CoiIvWt i o n a l afid t h e n w i t h tandem mass s y J a c t r o r ; . e z~s 3 ' servaci ss determine t h a energy v a r i a t i o n of' t h e t o t a l r e a c t i o n c r o s s s e c t i o n . Xore recanJcly, v a l o c i t y s p e c t r a of i o n s s c a t t e r e C t b r o u g n small a n g l e s have jeen determined," snd i n o t h e r exger--t h e Si-D2 r s a c t i o r . were measured. D e s p i t e t h e c o n s i d e r a b i a
Ex2erimental
The apparatus used will be described in detail in z luture publication, but the following general commencs will d indicate, how the exaeriments were performed. Our instruaent L consiszs of a magnetic nass spectrometer for preparation of the prinary ion beam, a scattering cell containing the targes gas, a 90' spherical electrostatic epergy an$lyser, a quadrupole mass spectrometer and an ion counter. Primary ions from a magnetically confined oscillating electron (50 e~) impact source were extracted and focused on the entrance slit of an unsymmetrical, approximately 60' sector mass spectrometer.
Together with its poss focusing system, this spectrometer produced an ion beam which had an angular spread of less than 2' full width a$ half height, and an energy s2read of approximately 0.8 eV FWHM.
The prinary ions entered a, cylindrical scattering cell (T = 300'~) which was located & -the center of a large vacwm tank. The gas pressure in the cell was measured directly wi-;n an ionization gauge in the H;, and D2 experiments. In the experiiments with HD, the pressure was monitored by a gaug5
outside the scattering cell in order to avoid isotopic rxlxlng was in the usual range of 3-5 x 10 Torr, the gressure In she 9 surrounding vacuum tank and along the rest of the ion path was only 2-4 X ~o r s . Because of this very favorable pressure ratio, corrections due to reactions with the backgro~nd gas were always small., and only important f o r e n e r g i e s and a n g l e s
very n e a r t h o s e o f t h e primary beam.
0
The e x i t a p e r t u r e of t h e s c a t t e r i n g c e l l , t h e e l e c t r os t a t i c energy a n a l y s e r , t h e quadrupole mass s p e c t r o m e t e r , and c t h e i o n c o u n t e r were a l l mounted on a l a r g e r o t a t a b l e l i d . By r o t a t i n g t h i s l i d , t h e e x i t a p e r t u r e of t h e s c a t t e r i n g c e l l a s w e l l a s t h e a n a l y s i n g and d e t e c t i n g a p p a r a t u s could be A f t e r s e l e c t i n g t h e d e s i r e d primary beam energy, t h e d e t e c t i o n mass s p e c t r o m e t e r was s e t t o t h e a p p r o p r i a t e mass, and d a t a were c o l l e c t e d e i t h e r by scanning energy a t a f i x e d a n g l e , o r scanning t h e a n g l e a % a f i x e d energy. For each prima-ry beam energy t h e a n g u l a r scans were r e p e a t e d a t a s e r i e s of d i f f e r e n t a n a l y s e r e n e r g i e s , and a t l e a s t one scan of energy was made a t z e r o s c a t t e r i n g a n g l e . The r e s u l t was a s e t of p r o f i l e s of t h e s c a t t e r e d i n t e n s i t y which -could e i t h e r be used i n d i v i d u a l l y o r combined s o a s t o produce a contour map of s c a t t e r e d i n t e n s i t y . A l l measurenents were normalized t o t h e i o n bean i n t e r x i -b y , %he s c z t t e r i n g c e l l p r e s s u r e , t h e t r a n smission Sand o f t h e anergy a n a l y s e r , and t h e s c a t t e r i n g voiune subtended 5y the d e z e c t o r a t t h e differen-: s c a t t a r i n g a n g i e s .
UCRL-~7674
and Discussion
Twenty-nine experiments were performed in which the distribution of products of reactions of Hz, D2, and hi with
X2 at relative energies between 2.3 and 11.6 eV were measured. -Ln six of these experiments enough data were collected to permit construction of contour maps of product intensity. cne primnry i o n l a b o r a t o r y energy. The f i n a l r e l a t i v e v e l o c i t y g ' can be c a l c u l a t e d from t h e experimental measurements. Thus t h e experiments permit t h e e v a l u a t i o n o f t h e e f f e c t i v e exothermici-ly of t h e * r e a c t i o n Q, d e f i n e d by
where p t i s th,e. reduced mass of' t h e produc,ts, and ml i s t h e mass o f t h e . hydrogen atom i n t h e product i o n . Q i s t h e n e t i n t e r n a l energy converted t o t r a n s l a t i o n a l energy, and can be expressed as -0 where W = -Aao i s t h e h e a t of r e a c t i o n , and U i s t h e energy which a p p e a r s as i n t e r n a l e x c i t a t i o n of t h e p r o d u c t s . For t h e r e a c t i o n we a r e i n v e s t i g a t i n g
s t h e u n h o k n d i s s o c i a t i o n enargy o f N~K'
i n t o a p r o t o n and n i t r o g e n molecule. isotopic s u b s t i t u t i o n i n t r o d u c e s v a r i a t i o n of l e s s t h a n 0 . 1 eV i n t h e value of W.
The general f e a t u r e s of t h e r e a c t i o n dynamics can bs 4 d i s c e r n e d from t h e i n t e n s i t y contour maps shown i n f i g s . 1 -4 .
The s c a t t e r i n g i s s y m e t r i c about t h e i n i t i a l r e l a t i v e v?.locity vecLor, e x c e p t f o r small d e v i a t i o n s a t t r i b u t a b l e t o i n s t r u a e r i t a l
e f f e c t s . The product i n t e n s i t y i s p a r t i c u l a r l y g r e a t a t s m a l l
.a,
maps show a p p r e c i a b l e i n t e n s i t y a t t h i s p o i n t , however, an6 o n l y i n t h e experiment w i t h Ha i s t h e r e any evidence o f a shallow i n t e n s i t y minimum. T h i s small d i f f e r e n c e i s a r e s u l t o f t h e b e t t e r energy r e s o l u t i o n of t h e primary beam i n t h e experiment w i t h Hz.
There i s a n o t h e r f a c t o r t h a t can l e a d t o product i n t e n s i t y n e a r g 1 = 0 even when t h e i n i t i a l k i n e t i c energy i s q u i t e high.
Because of t h e i s o t r o p i c v e l o c i t y d i s t r i b u t i o n of t a r g e t molecules
, t h e i n i t i a l r e l a t i v e k i n e t i c energy may be g r e a t e r o r l e s s t h a n t h e norninal. value c a l c u l a t e d by assuming a s t a t i o n a r y t a r g e t . Thus f o r any p r o j e c t i l e v e l o c i t y molecules moving s u f f i c i e n t l y r a 2 i d l y i n t h e d i r e c t i o n o f t h e primdry beam may r e a c t t o form a s t a b l e product even i f t h e t r u e f i n a l r e l a t i v e k i n e t i c energy i s z e r o . Furthermore, products b a c k s c a t t e r e d from c o l l i s i o n s i n which t h e t r u e c e n t e r of mass v e l o c i t y exceeds t h e nominal value, and any forward s c a t t e r e d p r o d u c t s from c o l l i s i o n s w i t h a t r u e c e n t e r of mass v e l o c i t y b l e s s t h a n t h e nominal value w i l l c o n t r i b u t e i n t e n s i t y i n t h e r e g i o n of small a p p a r e n t g l . Therecore, i t i s n o t s u r p r i s i n g ' t h a t product i n t e n s i t y n e a r t h e c e n t e r of t h e c r a t e r remains ap2reciabl.e f o r i n i t i a l r e l a t i v e e n z r g i e s above 2 . 5 aV, ~n c i does n o t f a l l t o zerG even i n t h e h i g h e s t enargy expzrirr,ents.
The c o n c e n t r a t i o n o f product i n t e n s i t y n e a r 0' s u g g e s t s t h h t t h e r e a c t i o n can be d e s c r i b e d q u a l i t a t i v e l y a s proceeding I I i n l a r g e measure by a pickup o r s t r i p p i n g mechanism, a s was I ! f i r s t proposed by Lscmann and ~e n~l e 3 -n .~ I n t h e i d e a l s t r i p p i n g p r o c e s s , t h e p r o j e c t i l e i n t e r a c t s with only one hydrogen a t o z , m.c t r a n s f e r s no monenturn t o t h e o t h e r . Consequently, a l l product i o n s formed by t h i s process should be found n e a r 0 '
w i t h a l a b o r a t o r y energy of [~/ ( B l + m~) ]Eo. he f i n i t e i n t e n s i t y of products which we f i n d a t a l l l a r g e c e n t e r of mass a n g l e s
Gemonstrates t h a t t h e r e a c t i o n s do n o t proceed e x c l u s i v e l y by t h e iGeal s t r i p p i n g process a t any energy. This r e s u l t i s n o t unexpected, s i n c e t h e small impact parameter c o l l i s i o n s which can l e a d t o l a r g e a n g l e r e a c t i v e s c a t t e r i n g and r e c o i l of t h e f r e e atom must always occur. There w i l l be no backward r e a c t i v e s c a t t e r i n g only i f t h e r e a c t i o n p r o b a b i l i t y f o r small impact pararnezer c o l l i s i o n s i s diminished by competition of o t h e r > i n e l a s t i c b u t n o n -r e a c t i v e s c a t t e r i n g .

5,6 A s noted by o t h e r workers t h e i d e a l s t r i g p i n g model i s c o n s i s t e n t w i t h t h e most probable v e l o c i t y of t h e forward s c a t t e r e d product peak f o r i n i t i a l r e l a t i v e e n e r g i e s of 3-6.eV when A2 and D2 a r e t h e t a r g e t molecules. For g r e a t e r i n i t i a l e n e r g i e s , t h e most probable product v e l o c i t y i s h i g h e r t h a n t h a t p r e d i c t e d from t h e i d e a l s t r i p p i n g model w i t h a s t a t i o n a r y t a r g e t . W e have found t h e same r e s u l t s f o r both i s o t o p i c p r o d u c t s from HD a s w e l l a s Hz and D2. Deviations from t h e i d e a l , s t a t i o n a r y t a r g e t s t r i p p i n g model a r e r e v e a l e d i f any product i o n i s observed a t a l l f o r i n i t i a l r e l a t i v e e n e r g i e s
" much above 6 eV.
The model l e a d s t o t h e p r e d i c t i o n t h a t t h e i n t e r n a l e x c i t a t i o n e n e r a of t h e i o n product i s
3.
which i s g r e a t e r t h a n t h e d i s s o c i a t i o n energy D ( N~ -3 ' ) f o r r e l a t i v e e n e r g i e s g r e a t e r t h a n These c r i t i c a l i n i t i a l k i n e t i c e n e r g i e s a r e given i n t a b l e 2 , I n each c a s e s i g n i f i c a n t product i n t e n s i t y was observed fo'r i n i t i a l k i n e t i c e n e r g i e s w z l l above t h e c r i t i c a l v a l u e .
These o b s e r v a t i o n s 'suggest t h a t e i t h e r t h e r e i s a rnecnanism
by which t h e product i o n . c a n r e c o i 1 , i n t h e forward d i r e c t i o n ,
or. t h a t because of t h e d i s t r i b u t i o n of t a r g e t v e l o c i t i e s , t h e t r u e r e l a t i v e e n e r g i e s involved i n t h e r e a c t i v e c o l l i s j . o n s
a r e l e s s t h a n t h e nominal v a l u e s .
1
It i s somewhat d i f f i c u l t t o imagine how c o l l i s i o n s t h a t g i v e r e c o i l s t r o n g l y peaked i n t h e forward d i r e c t i o n can occur, If a r e l a t i v e l y l o n g -l i v e d c o l l i s i o n complex between lS$ and t h e t a r g e t were formed and t h e n s e p a r a t e d w i t h product r e c o i l , ws would expect t o observe n o t o n l y forward s c a t t e r i n g but d product d i s t r i b u t i o n t h a t was i s o t r o p i c , o r n e a r l y s o , i n t h e c a n t e r of mass c o o r d i n a t e system, The i n t e n s i t y c o n t o u r maps show very c l e a r l y t h a t t h i s does n o t happen, and t h e c o n j e c t u r e
.
o f a l o n g -l i v e d c o l l i s i o n complex must be r e j e c t e d . Moreover, t h e i d e z t h a t t h e c o l l i s i o n complex should be l o n g -l i v e d f o r any c o l l i s i o n energy i s d i f f i c u l t t o a c c e p t , and i s p a r t i c u l a r l y u n a t t r a c t i v e when t h e i n i t i a l r e l a t i v e snergy i s h i g h . Forward r e c o i l can a l s o occur through a c o l l i s i o n i n which t h e p r o j e c t i l e p a s s e s a nydrogen molecule which i s so o r i e n t e d t h a t t h e c l o s e s t approach t o a hydrogen atom o c c u r s
d u r i n g t h e o u t g o i n g l e g of t h e t r a j e c t o r y . Atom t r a n s f e r w i t h r e c o i l would t h e n g i v e a product s c a t t e r e d through a r e l a t i v e l y s m a l l a n g l e i n t h e c e n t e r of mass system. It would seem, however, t h a t t h i s p r o c e s s would f a v o r small b u t f i n i t e r a t h e r t h a n z e r o a n g l e s c a t t e r i n g If it were dominant a t h i g h e n e r g i e s , t h e forward peak should be broadened i n a n g l e , and i n t h e extreme be r e s o l v e d i n~o a bimodal a n g u l a r d i s t r i b u t i o n .
There i s no evidence of t h i s e f f e c t i n t h e i n t e n s i t y c o n t o u r n a p s . A more damaging argument i s t h a t o r i e n t a t i o n o f t h e
t a r g e t n e a r l y p a r a l l e l t o zhe p r o j e c t i l e t r a j e c t o r y o c c u r l e s s f r e q c e n t l y t h a n t h e p e r p e n d i c u l a r o r i e n t a t i o n s hat would g i v e r e c o i l through moderate t o l a r g e a n g l e s . This i s v e r y d i f f i c u l t t o r e c o n c i l e w i t h t h e observed h i g h i n t e n s i t y a t z e r o s c a t t e r i n g a n g l e . Thus g r a z i n g
c o l l i s i o n s w i t h r e c o i l do n o t p r o v i d e a s a t i s f a c t o r y r a t i o n a l i z a t i o n of t h e i n t e n s e forward of t h e forward s c a t t e r i n g i s t o n o t e t h a t s t a b l e p r o d u c t s can
be formed by a s t r i p p i n g mechanism a t every beam v e l o c i t y vo provided t h e r e l a t i v e v e l o c i t y g i s l e s s t h a n t h e c r i t i c a l v a l u e g i v e n by e q . ( 5 ) . Thus when vo i s g r e a t e r t h a n G,,, p r o d u c t s a r e formed oniy i n c o l l i s i o n s , w i t h hydrogen molecules , moving r a p i d l y i n t h e d i r e c t i o n o f t h e beam. Simple k i n e n a t i c arguments and r e c o g n i t i o n of t h e e x p o n e n t i a l l y d e c r e a s i n g number of hydrogen molecules with i n c r e a s i n g energy a r e I enough t o show t h a t t h e only a p p r e c i a b l e c o n t r i b u t i o n t o t h e product i n t e n s i t y comes from c o l l i s i o n s where t h e t a r g e t v e l o c i t y i s very c l o s e t o vo -gmax i n t h e d i r e c t i o n of t h e i o n beam.
K i t h t h i s modified s t r i p p i n g model we can understand
t h e c o n c e n t r a t i o n of i n t e n s i t y a t z e r o s c a t t e r i n g a n g l e , s i n c e o n l y t a r g e t motion i n t h e beam d i r e c t i o n can g i v e s t a b l e p r o d u c t s . It may a l s o e x p l a i n t h e approximately e x p o n e n t i a l
d e c r e a s e i n t h e i n t e n s i t y o f t h e forward peak observed by
Lacmann and ~e n~1 e j -n~ and o u r s e l v e s , although a more complete 8 a n a l y s i s of t h e energy and a n g u l a r
spread of t h e beam and t h e e f f e c t of d e t e c t o r r e s o l u t i o n i s needed t o v e r i f y t h i s c o n j e c t u r e .
A more d e t a i l e d t e s t o f t h e modified s t r i p p i n g model i s p o s s i b l e . Conservation of momentum r e q u i r e s t h a t where v is the u s u a l l y n e g l e c t e d v e l o c i t y of t h e t a r g e t , vf i s 4 t h e product v e l o c i t y , and vo i s t h e . p r o j e c t i l e v e l o c i t y , a l l i n t h e l a b o r a t o r y system. A t v a l u e s o f vb much l e s s t h a n gmax t h e t a r g e t v e i o c i t y can be n e g l e c t e d , and from eq. ( 6 ) we g e t For v g r e a t e r t h a n gmax, we s u b s t i t u t e vo -gma, f o r t h e t a r g e t 0 v e l o c i t y and g e t The contour maps show t h a t a t t h e h i g h e r e n e r g i e s products t h a c r e c o i l through a n g l e s g r e a t e r t h a n 45' have a v e l o c i t y r e l a t i v e t o t h e c e n t e r of mass t h a t i s v i r t u a l l y independent of angle, and an i n t e n s i t y t h a t i s small, b u t i n c r e a s e s somewhat f o r a n g l e s g r e a t e r t h a n 90'. The value of Q i s n e a r l y independent o f s c a t t e r i n g a n g l e and i s c l o s e t o -1.8 eV o v e r much o f t h e range of i n i t i a l e n e r g i e s . A Q value of -1.8 eV i s c o n s i s t e n t w i t h t h e formation o f s t a b l e p r o d u c t s .
W h e~e a s t h e forward s c a t t e~i n g can be r a t i o n a l i z e d s u c c e s s f u l l y i n terms o f t h e e s s e n t i a l l y t w o -p a r t i c l e s t r i p p i n g model, t h e a n a l y s i s o f t h e backward s c a t t e r i n g r e q u i r e s c o n s i d e r a t i o n o f a t l e a s t a t h r e e -p a r t i c l e model f o r t h e c o l l i s i o n . No simple e x p l a n a t i o n of t h e Q value and t h e v a r i a t i o n i n i n t e n s i t y a t l a r g e a n g l e s i s known.
To summarize, i t appears t h a t f o r h i g h p r o j e c t i l e e n e r g i e s t h e t r a n s l a t i o n a l energy and a n g u l a r d i s t r i b u t i o n o f products of t h e r e a c t i o n s of 1\'; w i t h H2, D2, and HD i s determined p r i n c i p a l l y by two f a c t o r s : t h e h i g h p r o b a b i l i t y of atom t r a n s f e r 4 by t h e s t r i p p i n g p r o c e s s , and t h e requirement t h a t t h e i n t e r n a l energy of t h e product be l e s s t h a n i t s d i s s o c i a t i o n energy.
. I t i s t h e l a t t e r f a c t o r t h a t i s r e s p o n s i b l e for t h e c r a t e r -l i k e product d i s t r i b u t i o n f o r high p r o j e c t i l e e n e r g i e s . The cornb i n a t i o n or' t h e s e f a c t o r s causes the' i n t e n s e forward s c a t t e r e d product peak t o a p p e a r a t v e l o c i t i e s h i g h e r t h a n t h o s e p r e d i c t e d by t h e i d e a l s t a t i o n a r y t a r g e t s t r i p p i n g mechanism, + F i g w e 1. I n t e n s i t y d i s t r i b u t i o n o f E2D from D2 p l o t t e d i n t h e c e n t e r of mass p o l a r c o o r d i n a t e system. Intensities a t contours cen be found by l i n e a r l n t e r p o l a t i o n o r e x t r a p o l a t i o n . ilata a r e from experiment 190 o f Table 1 , w i t h an i n i t i a l r e l a t i v e energy o f 3.117 eV.
L Figure 2 . I n t e n s i t y d i s t r i b u t i o n of N2E4 from H2 l o t t e d i n "
,h e c e n t e r o f mass polar coordinate s y s t e m C i r c l e d 2 o l n t s g l v e t h e l o c a t i o n of i c -c e n s l t y masixe, and t h e small cross l o c a t e s a shallow mininum. Data a r e from exyerimen; 199. The c i r c l e through t h e 1 a r g e . a n g l e maxima corres3onds t o Q = -1.30 eV:
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